Five structurally related nitrobenzenes (1,2-dinitrobenzene, 1,3-dinitrobenzene, 1,4-dinitrobenzene, 1,3,5-trinitrobenzene, and picric acid) and Meisenheimer complex [1-(S-glutathionyl)-2,4,6trinitrocyclohexadienate] were evaluated as possible inhibitors of af nity puri ed mammalian glutathione transferases (GSTs) isolated from human liver or human term placenta and rat liver. The results suggest that the degree of GST inhibition depends upon both the chemical in question and the enzyme source. Among the nitrobenzenes tested, 1,3,5-trinitrobenzene (TNB) was found to be the most potent inhibitor of GST activity toward 1-chloro-2,4dinitrobenzene (CDNB) from all the sources, whereas 1,3-dinitrobenzene (1,3-DNB) was the least effective. TNB-caused inhibition of GST activity toward CDNB appeared to be isozyme speci c in that compared to the enzyme from human term placenta (GSTP1-1), the degree of inhibition of the mixture of GST isozymes present in the livers of adult rats and humans was low. The enzyme assays conducted with 3,4-dichloro-1-nitrobenzene (DCNB), ethacrynic acid (EA), and 4-nitropyridine N-oxide also suggested the isozymespeci c inhibition of rat liver GST activity by TNB. The nature of TNB-caused inhibition of GSTP1-1 was competitive with respect to CDNB and yielded a K i value of 12.5 µ M. With EA, a speci c substrate for GSTP1-1, an IC 50 value of » 16 µ M was estimated for the GSTP1-1 inhibition by TNB. The Meisenheimer complex, the product of nonenzymatic GSH conjugation with TNB by different GSTs, was found to be the most potent inhibitor of mammalian GSTs, and IC 50 values ranged between 1 and 4 µ M when the enzyme activity was assayed using CDNB. The nature of GSTP1-1 inhibition was noncompetitive with respect to CDNB, with a K i value of 1 µ M for Meisenheimer complex. Although a precise mechanism was not identi ed, it is postulated that GSH depletion and/or GST inhibition may contribute, at least partly, to the target organ toxicity caused by exposures of animals to different nitrobenzenes reported in the literature.
Nitrobenzenes such as 1,3,5-trinitrobenzene (TNB) and different isomers of dinitrobenzene (DNB) have been detected as environmental contaminants of ground water and soil near trinitrotoluene production waste disposal sites and at military munitions test grounds (Garman, Freund, and Lawless 1987; Reddy et al. 1997; Walsh and Jenkins 1992) . The major uses of different isomers of nitrobenzenes include the manufacture of various dyes, plastics, and explosives. In general, human data on the toxicity and health effects of nitrobenzenes are limited. Skin irritation, liver damage, and anemia are commonly observed among munitions workers exposed to nitrotoluenes (Hathaway 1977) . Several recent animal studies have documented toxicities to various organ systems following exposure to different nitrobenzenes. Many investigatorshave described testicular toxicity associated with an exposure of rats to 1,3-dinitrobenzene (1,3-DNB) (Brown et al. 1994) or TNB (Kinkead et al. 1995; Chandra et al. 1997a Chandra et al. , 1997b . In rats, TNB was also found to cause nephrotoxicity (Reddy et al. 1996; Kim et al. 1997) , encephalopathy (Chandra et al. 1995) , hematological alterations (Chandra et al. 1995; Vasquez et al. 1995) , and toxicity to brain and spleen (Kinkead et al. 1995; Reddy et al. 1996 Reddy et al. , 1998b . The biochemical mechanisms responsible for these organ toxicities due to exposures to nitrobenzenes are not fully understood at present. In order to shed some light on toxicity, metabolic aspects of nitrobenzenes were considered by some investigators (Nystrom and Rickert 1987; Cossum and Rickert 1987; Bailey, Peal, and Philbert 1988; Brown et al. 1994 ). The results of these studies suggested that DNB isomers are predominantly disposed in the laboratory animals as conjugates of glutathione (GSH) . The metabolism of the DNB isomers was studied in erythrocytes from the rat, rhesus monkey, and human. The ortho and para isomers of DNBs were metabolized to GSH conjugates by all the species, but no GSH adducts of m -DNB were detected (Cossum and Rickert 1987) . 1,3-DNB, TNB, and tetryl (2,4,6-trinitrophenyl-N -methylnitramine) also formed hemoglobin adducts in vivo in rats and in vivo and in vitro in shrew (Reddy et al. 1998a; Myers et al. 1999) . Although these studies provide some explanation, Brown et al. (1994) concluded that simple metabolic differences are inadequate to explain,for example,testiculartoxicitycaused by nitrobenzenes.
The biological signi cance of GSH conjugation reactions is increasingly realized. The conjugation of electrophilic chemicals with reduced glutathione (GSH) represents one of the major mechanisms of disposition of xenobiotics in mammals. Although these reactions are mainly catalyzed by enzymes, some GSH conjugation of xenobiotics can also occur nonenzymatically. Glutathionetransferases (GSTs) (EC 2.5.1.18), are a group of proteins that primarily function as a catalyst in the nucleophilic addition of the thiol of GSH to molecules containing electrophilicfunctionalgroups (Mannervik and Danielson 1988; Eaton and Bammler 1999; Salinas and Wong 1999) . GSTs are currently believed to be the sole source of enzymatic conjugation of xenobiotics with GSH. In addition, various peroxidases and lipoxygenases have been recently reported to mediate some of these conjugation reactions Sajan 1997, 1999; Yang and Kulkarni 2000) . In most cases, the process of GSHadduct formation results in the detoxi cation of xenobiotics (Mannervik and Danielson 1988; Commandeur, Stijntjes, and Vermeulen, 1995; Eaton and Bammler 1999; Salinas and Wong 1999) ; however, an activation of certain chemicals to their ultimate mutagenic forms (Mannervik and Danielson 1988; Monks and Lau 1997; Anders and Dekant 1998) or other toxicants (Mitra et al. 1992a (Mitra et al. , 1992b (Mitra et al. , 1993 Monks and Lau 1997; Anders and Dekant 1998; Yang and Kulkarni 2000) is also known. In few cases, a further processing of GSH-conjugates is necessary to generate the ultimate toxicant (Monks and Lau 1997; Anders and Dekant 1998) . Clark and Sinclair (1988) reported that TNB is a powerful inhibitor of the GST isolated from the wax moth Galleria mellonella. The nature of inhibition was competitive with respect to the electrophilic substrate 1-chloro-2,4-dinitrobenzene (CDNB). A noncompetitive inhibition was observed with respect to GSH. A similar inhibitory response was also exhibited by picric acid (2,4,6-trinitrophenol) . TNB is known to interact chemically with GSH leading to the formation of Meisenheimer complex (Gan 1977) . The complex exhibits an absorption maximum at 470 nm and an extinction coef cient of 20,400 cm ¡ 1 M ¡ 1 (Clark and Sinclair 1988) . According to these authors the Meisenheimer complex appears to be a much more potent inhibitor of the wax moth GST. In view of these reports, we explored the possibility of inhibition of glutathione transferase activity in mammalian tissues by selected nitrobenzenes in the present study.
MATERIALS AND METHODS

Chemicals
GSH, CDNB, 3,4-dichloro-1-nitrobenzene (DCNB), ethacrynic acid [2,3-dichloro-4-(2-methylene-1-oxobutyl)phenoxy] acetic acid (EA), and 4-nitropyridine N-oxide (4-NPO) were purchased from Sigma Chemical Co., St. Louis, MO. Picric acid (99%), 1,2-dinitrobenzene(DNB) (99%), 1,3-DNB (97%), and 1,4-DNB (98%) were obtained from Aldrich Chemical Co., Milwaukee, WI. TNB (99.83%) was custom synthesized by Dr. W. Koppes at Naval Surface Warfare Center, Silver Spring, MD. All other chemicals were of analytical grade obtained commercially.
Enzyme Isolation and Puri cation
Only cytosolic GSTs were studied in this investigation. The samples of adult human liver cytosol (n = 6) were obtainedfrom Human Biologics International,Phoenix, AZ. All the samples of human liver cytosol were from mildly hypertensive Caucasian smokers who were identi ed as alcoholic.Human term placentas (38-40 weeks gestation) (n = 12) obtained from healthy women with no known history of smoking, drug, or alcohol abuse as well as any physiological or pathological problems were used in this study. The placentas were collected immediately after delivery from local hospitals and processed within 1 hour. The use of human placentas and livers for this in vitro study was approved by the University of South Florida's Institutional Review Board governing the policies and procedures for research involving human subjects. Adult female rats (Sprague-Dawley strain) were purchased from Tyler Labs, Seattle, WA. The procedures used for processing of human livers, placentas, and rat livers to isolate cytosolic GSTs by af nity chromatography using a GSH-coupled Sepharose 4B column were the same as described previously (Radulovic and Kulkarni 1985; Datta and Kulkarni 1994; Mitra et al. 1992a Mitra et al. , 1992b Mitra et al. , 1993 . Each GST preparation was dialyzed against 50 mM Tris buffer, pH 7.4, to remove GSH before use.
Assay of GST Activity
GST activity towards CDNB, DCNB, 4-NPO, and ethacrynic acid was assayed according to the procedure described by Habig, Pabst, and Jakoby (1974) . Typically,the reaction was initiatedby the addition of a suitable amount of desired GST preparation to the reaction medium in the sample cuvette (3.0 ml nal volume). The reference cuvette contained similar incubation medium except the enzyme (an equal amount of the buffer was added). An increase in the absorption at the selected wavelength with time, due to the conjugate formation, was recorded for 1 to 3 minutes at room temperature using a Gilford UV/VIS Spectrophotometer (Response model, Gilford Instrument Laboratories, Oberlin, OH). The initial linear portion of the recorded response curve, usually between 10 to 60 seconds after the initiation of Note. GST was preincubatedfor 2 minutes with the speci ed nitrobenzenebeforeassayingactivity with 1.0 mM GSH and 1.0 mM CDNB in 0.1 M phosphate buffer, pH 6.5. The data are based on the response of GST to ve to six concentrations of each inhibitor. The values are mean § SEM. (n = 3). Control speci c activity values towards CDNB for glutathione transferases isolated from rat liver (RL-GST), human term placenta (GSTP1-1), and human liver (HL-GST) were 9.99 § 0.2, 22.2 § 3.0 and 26.5 § 2.1 l mol/min/mg protein, respectively. the reaction, was used to determine the rate of GSH conjugate formed. Speci c activities of the enzyme preparations were estimated using the extinction coef cients of 9.6 mM ¡ 1 cm ¡ 1 for CDNB, 8.5 mM ¡ 1 cm ¡ 1 for DCNB, 7.0 mM ¡ 1 cm ¡ 1 for 4-NPO, and 5.0 mM ¡ 1 cm ¡ 1 for EA (Habig, Pabst, and Jakoby 1974) for the formation of the respective GSH conjugate. The protein content in the enzyme preparation was determined according to the method of Bradford (1976) using bovine serum albumin, fraction V, as a standard.
Inhibition of GST by Nitrobenzenes
Typically,a suitable amountof desired GST was preincubated at room temperature for 2 minutes with the indicated concentration of test chemical before assaying the enzyme activity as described above in the presence of GSH and the selected substrate. All nitrobenzenes were dissolved in ethanol. The nal concentration of ethanol in the reaction medium was < 2% in all experiments. K i or IC 50 values for inhibition caused by each test chemical were determined with the selected enzyme preparation. To determine the nature of inhibition, the experiments were conducted using at least two concentrations of the desired substrate and four to six concentrations of the selected inhibitor with each enzyme preparation.
Statistical Analysis
The activity of the desired enzyme preparation was estimated in triplicate and the entire experiment was repeated with three or more different GST preparations. All the data on speci c activity are reported as l mol of speci ed conjugate formed/min/mg protein. The values are reported as mean § SEM. In experiments designed to study the nature of enzyme inhibition, the enzyme activity data were analyzed with Dixon plots and the K i values were determined.
RESULTS
Using CDNB as a substrate to assay the enzyme activity, the data obtained for the inhibition of af nity chromatography puri ed human liver GST (HL-GST), human term placental GST (GSTP1-1), and rat liver GST (RL-GST) by the selected ni-trobenzenes are presented in Table 1 . The results indicated that in general, various nitrobenzenes inhibit mammalian GST and the magnitude of decrease in the enzyme activity depends upon the inhibitor in question and the enzyme source. Among the different nitrobenzenestested, TNB was found to be the most potent inhibitor and caused a marked inhibition of GST activity from all sources in a concentration-dependent manner. The observed IC 50 values (Table 1) indicated that among the different enzyme preparations used, GSTP1-1 was the most sensitive to inhibition by TNB. The RL-GST exhibited an intermediate inhibitory response to TNB, whereas HL-GST was affected the least. As compared to GSTP1-1, a much higher concentration (about 20fold) was required for the same degree of HL-GST inhibition. The analysis of enzyme kinetic data collected for GSTP1-1 by Dixon plot (Figure 1 ) indicated a competitive inhibition of the enzyme with respect to CDNB. A K i value of 12.5 l M was estimated from these experiments for TNB. In contrast to TNB, the experimental data (Table 1) suggested that all the isomers of DNB are relatively weak inhibitors of GST activity, with 1,3-DNB being the least effective. Although somewhat less effective than TNB, picric acid also appeared to be a good inhibitor of the GST activity from all the sources tested. However, as compared to TNB, the difference in the inhibitory potency was less dramatic for picric acid between the GST activity isolated from different tissues. Thus, the IC 50 values for picric acid were about 2-and 4-fold higher for RL-GST and HL-GST, respectively, as compared to that for GSTP1-1 (Table 1) .
Because GSTP1-1 was found to be most susceptible to the TNB-caused inhibition when assays were conducted using CDNB as the substrate (Table 1) , additional experiments were performed with EA, a highly speci c substrate for GST isozyme (Mannervik and Danielson 1988) . The comparative data revealing the effectiveness of TNB as an inhibitor of the RL-GST and HL-GST were also collected. The results (Table 2) indicated that GSTP1-1 was approximately ve and seven times more sensitive to the inhibition caused by TNB as compared to HL-GST and RL-GST, respectively, when the enzyme activity was assayed using EA as the substrate.
FIGURE 1
Dixon plot showing the competitive inhibition of the human placental glutathione transferase (GSTP1-1) by 1,2,3-trinitrobenzene (TNB). The assays were performed using reaction mixtures (3 ml nal volume) containing ( A) 0.5 mM CDNB or (B) 1.0 mM CDNB, 1 mM GSH, and an increasing concentration of TNB in 0.1 M phosphate buffer, pH 6.5. The enzyme was preincubated for 2 minutes with TNB before assaying the activity. A pooled sample of GSTP1-1 from three placentas was used. The values are means of duplicate experiments.
To elaborate further the spectrum of isozyme speci c GST activity inhibition by TNB, assays were carried out in the presence of two additional substrates. The data covering this aspect are presented in Table 3 . The results suggested that the degree Note. GST was preincubated for 2 minutes with TNB prior to the addition of 0.25 mM GSH and 0.2 mM EA in 0.1 M phosphate buffer, pH 6.5. The data are based on the response of GST to six concentrationsof each inhibitor. The values are mean § SEM (n = 3). Control speci c activity values towards EA for GSTP1-1, RL-GST, and HL-GST were 0.25 § 0.06, 0.12 § 0.07, and 0.13 § 0.04 l mol/min/ mg protein respectively. of TNB-caused GST inhibition varied signi cantly with the test substrate. The isozyme responsiblefor the conjugationof 4-NPO was inhibited relatively more than the one involved in the GSH conjugation of DCNB. Note. Af nity-puri ed rat liver GST was incubated for 2 minutes before assaying the acitivty. The data are based on the response of GST to four to ve concentrations of TNB. The values are mean § SEM (n = 3). Control speci c activity values for rat liver GST towards CDNB, DCNB, EA, and 4-NPO were 9.99 § 0.2, 0.45 § 0.05, 0.12 § 0.07 and 0.23 § 0.04 l mol/min/mg protein.
Since Clark and Sinclair (1988) reported that Meisenheimer complex is more effective than TNB in causing the inhibition of the insect (wax moth) GST, we examined the response of mammalian GSTs to this complex using CDNB as the substrate. The experimental data (Table 4 ) clearly showed that Meisenheimer complex was much more effective as an inhibitor of mammalian GSTs. GSTP1-1 was found to be the most vulnerable to the inhibition. An analysis of enzyme kinetic data by the Dixon plot ( Figure 2 ) yielded a K i value of 1.0 l M and revealed that the inhibition of GSTP1-1 by the Meisenheimer complex was noncompetitive in nature with respect to CDNB.
DISCUSSION
Instead of crude cytosol, puri ed GST preparations free of hemoglobin contamination were used in all experiments. This was essential because mammalian tissue GST activity is known to be inhibited by contaminating hemoglobin and other heme compounds (Polidoro et al. 1981; Sajan and Kulkarni 1997) . It is also known that different nitrobenzenes (Chandra et al. 1995; Vasquez et al. 1995) and tetryl interact avidly with hemoglobin, leading to increased methemoglobin levels. This effect is expected to deplete the amount of the inhibitor available for the enzyme inhibition if crude tissue cy-
FIGURE 2
Dixon plot showing the noncompetitive inhibition of the human placental glutathione transferase (GSTP1-1) by Meisenheimer complex. The assays were performed using reaction mixtures (3 ml nal volume) containing (A) 0.5 mM CDNB or (B) 1.0 mM CDNB, 1 mM GSH, and an increasing concentration of Meisenheimer complex in 0.1 M phosphate buffer, pH 6.5. The enzyme was preincubated for 2 minutes with Meisenheimer complex before assaying the activity. A pooled sample of GSTP1-1 from three placentas was used. The values are means of duplicate experiments. Note. The assay medium included0.1 M potassium phosphatebuffer, pH 6.5, 1.0 mM GSH, 1.0 mM CDNB, and various concentrations of Meisenheimer complex. The complex was preincubated with the enzyme for 2 minutes prior to the addition of other components. The complex was prepared fresh each time for the experiments because it was found to be unstable under the conditions employed. An increase in the absorbance at 340 nm was monitored. The data are based on the response of each mammalian GST to four to ve concentrationsof the complex. Control speci c activity values towards CDNB for RL-GST, GSTP1-1, and HL-GST were 9.99 § 0.2, 22.2 § 3.0, and 26.5 § 2.1 l mol/min/mg protein, respectively. tosol is employed as the GST source. The af nity chromatography employed yields hemoglobin-free enzyme preparations and thus obviates these problems. The enzyme puri cation procedure requires the use of 10 mM GSH to elute the enzyme from the column (Radulovic and Kulkarni 1985; Datta and Kulkarni 1994; Mitra et al. 1992a Mitra et al. , 1992b . It is known that a nonenzymatic interactionof nitrobenzenes,especially TNB, with GSH leads to the formation of GSH adducts and these adducts exhibit even greater potency in terms of GST inhibition than the parent chemical (Clark and Sinclair 1988) . In view of this, each enzyme preparation was thoroughly dialyzed overnight to eliminate GSH from the enzyme preparation before assessing the response of GST to the test chemicals.
The results show that nitrobenzenes indeed inhibit mammalian GST in vitro and the magnitude of decline in the enzyme activity depends upon both the inhibitor in question and the enzyme source. Among the compounds tested, TNB appeared to be the most potent inhibitor and GST from human placenta (GSTP1-1) was found to be the most susceptible to the TNBcaused inhibition as compared to the liver enzymes from rat (RL-GST) and human (HL-GST) ( Table 1) . In contrast to TNB, all the dinitrobenzenes tested were relatively weak inhibitors of GST, with 1,3-dinitrobenzene being the least potent (Table 1) . TNB inhibited GSTP1-1 competitively and exhibited a K i value of 12.5 l M (Figure 1) . The data presented in Table 1 indicated that rat and human liver GST activity towards CDNB was also inhibited by TNB. However, much higher (10-20-fold) concentrations of TNB were required to cause a similar degree of GST inhibition.
It is well established that only a single acidic form (pi) of the enzyme GSTP1-1 occurs in the human term placenta, whereas the rat and human liver cytosol contains a mixture of isozymes belonging to ve classes, alpha, mu, pi, theta, and zeta (Buetler and Eaton 1992; Commandeur, Stijntjes, and Vermeulen, 1995; Eaton and Bammler 1999) . Because CDNB is a general substrate and exhibits moderate to high activity with alpha, mu, as well as pi isozymes of mammalian GST (Mannervik and Danielson 1988; Eaton and Bammler 1999) , three other substrates, viz. DCNB, 4-NPO, and EA, were employed to gain further insight into isozyme speci city for the TNB-caused inhibition. It has been reported that DCNB is a preferred substrate for the mu class of GST, whereas the pi form of GST is highly substrate speci c and exhibits maximum activity with EA (Mannervik and Danielson 1988; Eaton and Bammler 1999) . Although RL-GST activitywhen assayed with either DCNB or 4-NPO was inhibited by TNB, the IC 50 values noted were relatively high (Table 3) and nearly equal to the value observed with CDNB (Table 1) . These results suggest that the rat liver GST isozymes involved in the metabolism of these chemicals are only moderately affected by TNB.
When the GST activity was assayed with EA (Table 2) , the results suggested that selectivity exists in the inhibition of different GST isozymes by TNB. The support for this contention comes from the fact that as compared to GSTP1-1, ve to seven times higher concentration of TNB is required for the same degree of inhibition of HL-GST and RL-GST preparations. This is expected, considering the multiplicity of GST and the fact that the pi form is less abundant and contributes minimally to the total GST activity in the mammalian liver (Mannervik and Danielson 1988; Awasthi et al. 1994) . The results obtained with other substrates (CDNB, DCNB, and 4-NPO) (Tables 1 and  3) indicate that an inhibition of more than one GST isozyme in RL-GST and HL-GST preparations may be involved. The data do not allow discrimination of the identity of individual forms of GST that are actually inhibited by TNB in mammalian liver. Further investigation employing puri ed individual forms of GST is needed to shed some light on this aspect. Although not conclusive, these data tend to suggest that TNB may be a relatively speci c inhibitor of the pi class of GST.
Earlier Clark and Sinclair (1988) reported that TNB is a powerful inhibitor of the GST isolated from the wax moth Galleria mellonella. The nature of inhibitionwas competitivewith respect to the electrophilic substrate CDNB. Our data (Figure 1) suggest that mammalian GST also exhibits a similar nature of enzyme inhibition. The K i value of 12.5 l M observed with CDNB for GSTP1-1 is also quite comparable to the value of 10 l M reported for wax moth enzyme by Clark and Sinclair (1988) .
TNB is known to interact chemically with reduced glutathione, leading to the formation of the Meisenheimer complex (Gan 1977) . According to Clark and Sinclair (1988) , the Meisenheimer complex is a much more potent inhibitor of wax moth GST. A K i value of 0.17 l M was reported for the complex and, similar to TNB, the nature of inhibition was competitive with respect to CDNB. We have con rmed the nonenzymatic formation of Meisenheimer complex using the procedure described by Clark and Sinclair (1988) at pH 9.18. The complex was prepared fresh each time for the GST inhibition studies because it was found to be unstable under the incubation conditions employed.The results of the experimentssuggested that the Meisenheimer complex could inhibit strongly the mammalian GST activity (Table 4 ). The observed K i value of 1.0 l M for GSTP1-1 clearly supports the contention. The mixture of GST isozymes present in the RL-GST and HL-GST preparation were about two and four times less susceptible to inhibition by the Meisenheimer complex. These results are in accord with those reported by Clark and Sinclair (1988) .
It is proposed that the mechanism responsible for the GST inhibition observed in this study may be related to the stabilization of r -complex of GSH and TNB, 1-(S-glutathionyl)-2,4,6trinitrocyclohexadienate), by the enzyme as suggestedpreviously (Graminski et al. 1989 ). The formation of such a complex has been well studied by several investigators and now similar data are available for isozymes 3-3 and 4-4 from rat liver (Graminski et al. 1989) , rat liver microsomal GST (Weinander, Anderson, and Morgenstern 1994; Andersson et al. 1995) , class mu GST (Xinhua, Armstrong, and Gilliland 1993) , human GSTA1-1 (Widersten, Bjornestedt, and Mannervik 1996; Hansson, Widersten, and Mannernik1997) , as well as for pGSTP1-1 from porcine lung (Bico et al. 1994) . The results reported here with several model substrates indicate that the complex formation with the nitrobenzenes tested may adversely in uence the metabolism of endobioticsand xenobioticsvia the GST pathway in mammalian tissues.
Nitro group reduction is a common reaction observed during in vivo metabolism of many nitro aromatic compounds. It can be argued that the GST inhibition studied may be due to the corresponding amino derivatives of the test chemicals. This possibility appears remote in view of the following.
(1) Although in rodents, reductive biotransformation of DNBs occurs (Nystrom and Rickert 1987) , a requirement of gut ora, the source of nitroreductase, has been demonstrated for the nitrobenzene-inducedmethemoglobinemiain rats (Reddy, Pohl, and Krishna 1976) . In the present study, puri ed GST, not crude cytosol, was used in all experiments. Therefore, a contamination of GST preparations with nitroreductase activity was not possible.
(2) Molecular oxygen is a known potent inhibitorof nitroreductases. In our study, all assays of GST activity were performed under aerobic condition.This eliminates any chance of reductive metabolism of test chemicals by the traces (if any) of nitroreductase activity present as a contaminant in the GST preparations used.
(3) An enzymatic nitroreduction of xenobiotics is a relatively slow process. The kinetic data of GST inhibition were collected during the reaction time of » 5 to 60 seconds. This will not allow adequate time for the accumulation of reductive metabolites of a test chemical in signi cant quantity. A consideration of these points lends support to the contention that the parent compound and/or Meisenheimer complex of the test inhibitor was responsible for the inhibition of GSH conjugation of the xenobiotics studied.
How far the phenomenon of GST inhibition occurs in vivo in human tissues is unknown at present. Because GST is an essential, but not vital, protein for the survival of the organism, lethality is not expected even if a high degree of GST inhibition occurs. In vivo GST is believed to serve as a ligand for the intracellular transport of several nonsubstrates and catalyzes metabolism of numerous endogenous substrates. It has also been implicated in the biosynthesis of leukotrienes (Mannervik and Danielson 1988) . It is worth pondering how far these functions are affected due to tissue GST inhibition after an acute TNB exposure. Many chemicals have been shown to cause a rapid decrease in the cellular GSH level shortly after exposure and the same is expected from the exposures to nitrobenzenes. A marked GSH loss is usually accompanied by oxidative stress and other deleterious cellular changes. Although TNB and other nitrobenzenes have been reported to cause toxicity to testis, kidney, and other organs (Brown et al. 1994; Kinkead et al. 1995; Reddy et al. 1996; Kim et al. 1997) , the biochemical mechanism(s) responsible for these effects still remains unknown. It is possible that the GST inhibition and/or GSH depletion may contribute, at least partly, to the reported target organ toxicity of nitrobenzenes. A further careful examination of this postulate is essential.
